Abstract Sodium butyrate (NaBu) can enhance the expression of foreign genes in recombinant Chinese hamster ovary (rCHO) cells, but it can also inhibit cell growth and induce cellular apoptosis. In this study, the potential role of calnexin (Cnx) expression in rCHO cells treated with 5 mM NaBu was investigated for rCHO cells producing tumor necrosis factor receptor FC. To regulate the Cnx expression level, a tetracycline-inducible system was used. Clones with different Cnx expression levels were selected and investigated. With regard to productivity per cell (q p ), NaBu enhanced the q p by over twofold. Under NaBu treatment, Cnx overexpression further enhanced the q p by about 1.7-fold. However, under NaBu stress, the cells overexpressing Cnx showed a poorer viability profile with a consistent difference of over 25% in the viability when compared to the Cnx-repressed condition. This drop in the viability was attributed to increased apoptosis seen in these cells as evidenced by enhanced poly (ADP-ribose) polymerase cleavage and cytochrome C release. Ca 2+ localization staining and subsequent confocal imaging revealed elevated cytosolic Ca 2+ ([Ca 2+ ] c ) in the Cnx-overexpressing cells when compared to the Cnx-repressed condition, thus endorsing the increased apoptosis observed in these cells. Taken together, Cnx overexpression not only improved the q p of cells treated with NaBu, but it also sensitized cells to apoptosis.
Introduction
Cnx was first reported as a 90-kDa endoplasmic reticulum (ER) protein, which shared several sequence motifs with another major calcium-binding intraluminal resident ER protein, calreticulin (Crt; Wada et al. 1991) . In addition, Cnx was also found to be expressed on the cell surface, regardless of the cell type, lineage, or maturation stage of the cell (Okazaki et al. 2000) .
Cnx interacts with newly synthesized glycoproteins during folding and maturation (Ou et al. 1993; Jackson et al. 1994; Pind et al. 1994; Hebert et al. 1996) . Specifically, Cnx promotes proper folding, prevents premature oligomerization, inhibits degradation, and mediates quality control for a variety of glycoproteins (David et al. 1993; Ou et al. 1993; Jackson et al. 1994; Kearse et al. 1994; Le et al. 1994; Loo and Clarke, 1994; Pind et al. 1994; Tector and Salter, 1995; Hebert et al. 1996; Vassilakos et al. 1996) . As a molecular chaperone, Cnx is also found to have a determining role in the folding, assembly, and production of proteins (Bass et al. 1998; Fayadat et al. 2000; Siffroi-Fernandez et al. 2002; Chung et al. 2004 ).
An important aspect of Cnx's function is its calciumbinding capacity and its influence on calcium homeostasis. It was found that the depletion of ER Ca 2+ ([Ca 2+ ] ER ) and the subsequent elevation of cytosolic Ca 2+ ([Ca 2+ ] c ) or mitochondrial Ca 2+ ([Ca 2+ ] m ) are involved in the execution of apoptosis (Martikainen et al. 1991; Kruman et al. 1998; Zirpel et al. 1998; Tombal et al. 1999; Foyouzi-Youssefi et al. 2000; Lynch et al. 2000; Nakamura et al. 2000; Rizzuto et al. 2003) . Given the fact that Cnx, along with Crt, is a key Ca 2+ -binding chaperone and that it also serves as a Ca 2+ buffer in the ER, it is pertinent that the expression levels of Cnx have some bearing on Ca 2+ handling by the ER and in Ca 2+ signal dissemination from the ER to the mitochondria (Meldolesi and Pozzan 1998; Michalak et al. 2002; Hajnoczky et al. 2003, Walter and Hajnóczky 2005) . Therefore, the effect of Cnx expression on cellular apoptosis is one facet of this study.
CHO cells have been most widely used for the production of therapeutic glycoproteins, probably because they can perform complex post-translational modifications, including glycosylation, in a manner resembling human proteins (Parekh 1991; Gramer et al. 1995; Wurm et al. 1996) . During the large-scale cultures of these cells for the commercial production of therapeutic proteins, it is seen that apoptosis, which can be triggered by unavailability of nutrients or serum/growth factors and accumulation of toxic metabolites during cultures, is the major cause of cell death and deterioration of the product quality (Singh et al. 1994; Moore et al. 1995; Goswami et al. 1999 ). Chemicals such as NaBu can also induce apoptosis.
NaBu has been widely used in rCHO cell cultures for the high-level expression of recombinant proteins such as antibody Lee 2001, 2002; Yoon et al. 2004) , erythropoietin (Chung et al. 2001) , tissue plasminogen activator (Hendrick et al. 2001) , follicle-stimulating hormone (Chotigeat et al. 1994) , thrombopoietin (Sung and Lee 2005) , and nitric oxide synthase (Laubach et al. 1996) . It can not only enhance the expression of specific genes controlled by some of the mammalian promoters, including cytomegalovirus (Cockett et al. 1990; Laubach et al. 1996; Chang et al. 1999) and simian virus 40 (Gorman et al. 1983; Palermo et al. 1991; Oster et al. 1993 ), but it can also inhibit cell growth and induce cellular apoptosis (Mimura et al. 2001; Kim and Lee 2002) . Thus, the beneficial effect of using a high concentration of NaBu on recombinant glycoprotein expression is often compromised by its detrimental effect on cell growth and quality of the glycoprotein.
When recombinant protein expression level is elevated under NaBu stress, there might exist post-translational limitation on the protein production. This limitation can be relieved by the expression of chaperones, like Cnx, thus affecting the q p positively. Hence, we attempted to investigate the potential role of Cnx expression under the stressful conditions of apoptosis induced by NaBu treatment in rCHO cell cultures. To study the effect of Cnx expression level on these cells, we used the Tet-Off System, a tetracycline or doxycycline (dox) controlled expression system (Gossen and Bujard 1992) . By employing this type of controlled expression system, we exclude the possibility of clonal variability usually encountered in constitutive overexpression experiments.
To elucidate the function of Cnx under NaBu stress, experiments are carried out with various cell lines, each possessing a noticeably distinct Cnx expression level. Batch cultures, Western blotting for apoptotic markers, and immunostaining to determine the Cnx and Ca 2+ levels were performed, analyzed, and compared among the clones. The conclusions drawn from these analyses help in delineating a role for Cnx in sensitizing cells to NaBu-induced apoptosis.
Materials and methods
Construction of the Cnx expression plasmid pT7 Blue(R)T-Cnx vector was generated as described previously ). The CHO Cnx gene was isolated and sequenced by an automated DNA sequencer (ABI prism model 377, Perkin Elmer, Foster City, CA, USA). Double digestion using XbaI and EcoRI was performed, and the Cnx fragment was inserted into a pTRE vector (Clontech, Palo Alto, CA, USA), yielding pTRE-Cnx.
pTet-Off-Zeo vector was also constructed by inserting a zeocin-resistance gene sequence from pcDNA 3.1(+) vector (Invitrogen, Carlsbad, CA, USA) into a pTet-Off-Neo vector (Mohan et al. 2007 ) for use in Tet-Off-TNF cell line construction.
Generation of double-stable cell lines
The rCHO cell line expressing tumor necrosis factor receptor FC (TNFR-Fc) (CHO-TNF) was a generous gift from Aprogen (Daejon). To regulate the Cnx expression level, the Tet-Off system was introduced in CHO-TNF cells, and stable Tet-Off CHO-TNF cells (Tet-Off-TNF) were screened by the luciferase assay, as described previously (Hwang et al. 2003) .
The double stable Tet-Off-TNF cell line expressing Cnx (Tet-TNF-Cnx) was established by co-transfecting pTRECnx with pTk-Hyg vector (Clontech) into Tet-Off-TNF cells. Upon reaching 90% confluency, Tet-Off-TNF cells were transfected with 3.6 μg pTRE-Cnx and 0.4 μg pTkHyg using 10 μl Lipofectamine™ 2000 transfection reagent (Invitrogen) according to the manufacturer's protocol. To select stably transfected cells, drug selection was carried out for 2 weeks by seeding 1×10 3 cells per well in 96-well tissue-culture plates containing Iscove's modified Dulbecco's medium (IMDM; Invitrogen) containing the selection antibiotic, 250 μg/ml hygromycin (Sigma, St. Louis, MO, USA). Among hygromycin-resistant clones, 19 clones were selected randomly and transferred into six-well tissue culture plates for expansion. For a negative control, TetOff-TNF cells transfected with a null pTRE vector (Tet-TNF-Null) was also established. The final Tet-TNF-Cnx clone was selected based on the Western blot analysis of intracellular Cnx showing the maximum overexpression (with respect to the null cells) and tight regulation of the Cnx level by dox (Fig. 1) .
Culture medium and maintenance
The medium for culture maintenance of Tet-TNF-Cnx and Tet-TNF-Null cells was IMDM supplemented with 10% dialyzed fetal bovine serum (Gibco, Grand Island, NY, USA), 250 μg/ml hygromycin, 350 μg/ml zeocin, 1 μg/ml dox (Clontech), and 0.02 μM methotrexate (MTX, Sigma). Dox was added to the medium every 2 days keeping in view of its short life during culture (Tet Systems User Manual, PT3001-1). The cells were maintained as monolayer cultures in 25-cm 2 T-flasks (Nunc, Roskilde, Denmark) in a humidified 5% CO 2 incubator at 37°C. The cells were passed every 3 to 4 days upon reaching confluency.
Cell culture with NaBu treatment
Cell culture was performed with four Tet-TNF-Cnx clones in addition to the null cells. Exponentially growing cells were inoculated into 25-cm 2 T-flasks (Nunc) with 5 ml of the maintenance medium. The initial cell concentration was approximately 0.1×10 6 cells/ml. After 2 days of cultivation, the spent medium was replaced with 5 ml of fresh media with (+) or without (−) 5 mM NaBu (Sigma) or with (+) or without (−) dox. The cells were grown in a humidified 5% CO 2 incubator at 37°C. T-flasks were sacrificed periodically to determine cell concentration and viability. Culture supernatants were aliquoted and kept at −70°C for further analysis. Cell pellets, for Western blot analysis, were collected after centrifuging the cells and subsequent PBS wash.
Cell concentration, viability, and TNFR-Fc assay Cell concentration was estimated using a hemacytometer. Viable cells were distinguished from dead cells using the trypan blue dye exclusion method. Trypan blue is actively excluded from the live cells having an intact cell membrane, while the dead cells take up the dye. The percent ratio of the viable cells to the total cells gives the percent viability of the culture on the specified sampling time. Secreted TNF was quantified using an enzyme-linked immunosorbent assay (ELISA) according to the protocol provided by R&D Systems (Minneapolis, MN, USA).
Evaluation of productivity per cell, q p The q p , productivity per cell, was based on the data collected during 4-day culture after the medium exchange with dox. When the TNFR-Fc concentration is plotted against the time integral values of the growth curve, the slope represents q p .
Western blot analysis
To determine the intracellular Cnx expression level and to assess the apoptotic markers, Western blot analysis was performed. Cell pellets collected at periodic time intervals were incubated in a triple-detergent lysis buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 0.02% NaN 3 , 0.1% sodium dodecyl sulfate (SDS), 1.0% NP-40, and a tablet of protease inhibitor cocktail (Roche, Mannheim, Germany) for 30 min at 1×10 7 cells/ml. Cell lysate was centrifuged at 12,000×g for 5 min at 4°C, and the supernatant was collected. The cell lysate was boiled with SDS sample buffer for 10 min before being run on a 4-20% Tris-glycine SDS-polyacrylamide pre-cast gel (Invitrogen). The lysate from 1×10 5 or 2×10 5 cells as well as prestained protein molecular weight markers (Bio-Rad, Hercules, CA, USA) were loaded into each lane. Gels were transferred to Immuno-Blot™ polyvinylidene difluoride membranes (Bio-Rad) for 1 h at 100 V. Blots were then soaked in 5% skimmed milk for 2 h at room temperature. Antibodies for immunoblotting included anti-Cnx (Stressgen, Victoria, Canada), anti-PARP (Cell Signaling Technology), anticytochrome C (Biolegend, San Diego, CA, USA), anti-LC3 (Clone 51-11, Medical and Biological Laboratories, Japan), and anti-β-actin (AC-74, Sigma). Bands were then visualized by the ECL Western blot analysis system (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Live cell immunostaining and confocal imaging
Cells were seeded at 0.1×10 6 cells/ml in a 60-mm dish with 5 ml of media or on gelatin-coated cover slips. After 24 h of seeding, the media were exchanged with the test media (+ NaBu, and +/− dox). At the designated imaging time, the cells were prepared for immunocytochemical analysis of Cnx and ER by blocking with 5% donkey serum (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA) in phosphate-buffered saline (PBS) and subsequent incubation with anti-Cnx rabbit polyclonal primary antibody for (2, 5, 6, 13, and 24) and a negative control cell (Tet-TNF-Null) to choose highly dox-regulatable clones. Cells were cultivated in the maintenance medium containing 1 μg/ml dox to regulate Cnx expression to a basal level. Two days after seeding, cells were cultivated for 24 h with 2 μg/ml dox or without dox after which they were sampled. Cell lysates were loaded at 5×10 4 cells/10 μl concentration. Relative band intensity was calculated using TINA 2.0 software. Regulation folds were calculated by dividing band intensity of 0 μg/ml dox condition by that of 2 μg/ml dox condition 2 h. After washing with PBS + Tween 20, cells were incubated with flourescein isothiocyanate (FITC)-conjugated AffiniPure Goat Anti-Rabbit secondary antibody (Jackson ImmunoResearch Laboratories) and 1 μM ER-tracker™ dye (Molecular Probes) for 1 h. The cover slips were then mounted and viewed. For the ER and Ca 2+ staining, 1 μM Fluo-4 AM (Molecular Probes) and 1 μM ER-tracker™ dye in Hanks' balanced salt solution (HBSS; Sigma) were added to the cells seeded in the culture plates and incubated for 30 min at 37°C. Cells were washed with HBSS twice and incubated in HBSS at 37°C for 30 min for complete de-esterification of the Fluo-4 AM stain. 4′,6-Diamino-2-phenylinole (DAPI, Hoechst 1:1,000 dilution) was used for nucleus staining. The cells were then viewed under an LSM 510 confocal laser scanning microscope (Zeiss, Nussloch, Germany), and the pictures were processed using Adobe Photoshop software.
Statistical analysis
The results are expressed as mean±standard deviation (SD), n=2. Data were analyzed by double-tail Student's t test. The differences were considered significant at p<0.005.
Results

Establishment of double-stable rCHO cell lines with Cnx expression
To establish the stable rCHO cell lines with Tet-regulated Cnx expression, Tet-Off-TNF cells co-transfected with the pTRE-Cnx vector encoding the Cnx gene and the pTk-Hyg vector harboring a hygromycin-resistance gene were selected for hygromycin resistance. The overexpressed Cnx is turned on (induced) in the absence of dox and turned off (repressed) in the presence of dox. Nineteen hygromycin-resistant Tet-TNF-Cnx clones were randomly selected and cultivated in the absence of dox to select Cnx overexpressing clones. As a negative control, Tet-TNFNull cells were also cultivated in the absence of dox. After 3 days of cultivation, cells and culture supernatants were sampled for determination of Cnx expression levels by Western blot analysis and for the determination of TNFR-Fc by ELISA.
Considering both Cnx and TNFR-Fc expression levels, relatively high (over twofold) Cnx overexpressing clones were selected (data not shown) and subjected to regulation study. To select highly dox-regulatable Cnx-expressing clones, the overexpressing clones having high titer were cultivated in the absence and presence of 2 μg/ml dox. As a negative control, the null cell line was also cultivated in the absence of dox. Figure 1 shows the result of Western blot analysis of 5 Tet-TNF-Cnx clones and a negative control cell line. Among the five clones, clones 5 and 6, having dissimilar Cnx basal levels, showed relatively higher regulation fold compared to the other clones (5-and 2.5-fold, respectively). These clones were selected, in addition to the null cells and the dox-non-responsive clone 2, for further experiments.
Culture of Tet-TNF-Cnx clones with regulated Cnx expression
To analyze the effect of Cnx expression on cell growth, viability, and TNFR-Fc production, Tet-TNF-Cnx clones were cultivated initially in the maintenance medium containing 1 μg/ml dox. Cells were seeded at 0.1×10 6 cells/ml in T-25 flasks for culture. On the second day after seeding, medium was changed to the test medium (+/− NaBu, and +/− dox). Subsequently, dox was added to the flasks every 2 days. It has been previously observed that dox, even at 2 μg/ml, does not inhibit cell growth and can be used for experimental purposes (Hwang et al. 2003; Chung et al. 2004; Mohan et al. 2007) . Figure 2 shows the cell growth, viability, and the TNFR-Fc production profiles of Tet-TNFCnx clones during cultures.
The top panel in Fig. 2A shows the details of the null cells during culture. The control cells in the absence of NaBu showed a better growth profile with the culture reaching maximum viable cell numbers of (1.71±0.03)× 10 6 cells/ml (− dox) and (1.56±0.02)×10 6 cells/ml (+ dox). Cells with 5 mM NaBu succumbed to the stress imposed by NaBu treatment, and the maximum cell density was (0.28± 0.01)×10 6 cells/ml (− dox) and 0.31±0.01×10 6 cells/ml (+ dox). The top panel of Fig. 2B depicts the culture details for clone 2, the dox-non-responsive clone. This clone also showed a similar growth pattern as the null cells with the maximum viable cells reaching over 2.00×10 6 cells/ml for the 0 mM NaBu culture and 0.5×10 6 cells/ml for the cells treated with 5 mM NaBu. The top panel of Fig. 2C elucidates the culture profile of clone 5, the clone with a low basal level of Cnx. This clone showed a maximum cell number of 1.00× 10 6 cells/ml for the control cells, whereas the 5 mM NaBu-treated cells were 0.26 ×10 6 cells/ml, irrespective of the addition or removal of doxycycline. The top panel of Fig. 2D illustrates the culture profile of clone 6, the dox responsive clone with a higher basal level of Cnx. The maximum viable cells in clone 6 was 0.87×10 6 cells/ml for the control cells and 0.33 ×10 6 cells/ml for the 5 mM NaBu treated cells, irrespective of the Cnx expression level.
It can be broadly concluded from these data that the control cells without NaBu addition always showed better growth, as expected. The cells treated with NaBu, however, were adversely affected.
The middle panels of Fig. 2A and B illustrate the viability profile of null cells and clone 2, respectively. The null cells and clone 2 showed similar viability profiles during cultures with the control cells maintaining a viability of over 65% on the last day of the culture. In the cells treated with 5 mM NaBu, the viability, however, dropped to about 40%. As these clones are either Cnx non-overexpresser (null) or not responsive to dox (clone 2), the viability was similar irrespective of the addition or removal of dox. Throughout the batch culture of clones 5 and 6 under NaBu treatment, it was seen that when the cells were overexpressing Cnx (− dox), they showed a poorer viability profile, with a steady difference of over 25%, when compared to the Cnx-repressed condition (+ dox). Clone 5, the clone with a low basal level of Cnx, showed a viability difference of about 26% between the − dox and + dox states, whereas (Fig. 2C, middle panel) clone 6, having a higher basal Cnx, displayed a greater difference of about 48% between the different Cnx expression states (Fig. 2D,  middle panel) . The maximum viable cell number and the viability percentage of the clones during culture are summarized in Table 1 .
All the clones tested showed no effect of Cnx overexpression per se, but under NaBu treatment, even though Various clones under culture were treated with/without NaBu and with/without dox on the second day after seeding. Viability was measured using the trypan blue dye exclusion method. The difference in viability between the Cnx-overexpressed and Cnx-repressed states in clones 5 and 6 is highlighted in bold. a Mean±SD; standard deviation between the duplicates the growth was suppressed, the q p was enhanced by over twofold, which is probably due to the alleviation of posttranslational limitation. Under NaBu stress, null cells and clone 2 showed an enhanced titer by about fourfold ( Fig. 2A,B , lower panels). The q p of clones 5 and 6 without the addition of NaBu was almost around 0.78 μg/10 6 cells/day. Under NaBu stress, however, it was enhanced by about threefold (clone 5) and twofold (clone 6). The effect of Cnx expression solely on the q p (by comparing the − dox and + dox conditions) was varied. Under the control condition, without NaBu treatment, Cnx overexpression had no significant effect on the q p , but under NaBu stress, the q p was further enhanced by 1.7-fold for clone 5, whose basal level Cnx is low, whereas in clone 6, Cnx expression did not help in enhancing the q p further. It should be noted that, under NaBu treatment, even though the q p was enhanced, the maximum titer was not detectably affected (Fig. 2C ,D, lower panels). It can be deduced that Cnx overexpression as such did not have any enhancing effect on the titer in this cell line. However, under NaBu treatment, the q p was enhanced. This finding too was variable depending on the basal level of Cnx, with a low basal level resulting in more enhancements and vice versa.
The results mentioned are statistically significant using the Student's t test (n=2, p<0.005). Table 2 summarizes the details of TNFR-Fc production during culture for all the clones tested.
Cnx overexpression sensitizes cells to apoptosis
The cell pellets collected at periodic time intervals during the batch culture were subjected to Western blot analysis for the determination of the cellular marker proteins for cell death and to check the Cnx expression status. It was found that, for null cells and clone 2 (Fig. 3A,B, respectively) , the apoptotic markers, cytochrome c release, and PARP cleavage were unaffected by the addition or removal of dox from the culture medium. The expression of Cnx was also unaffected by dox.
The reason for the difference in the viability observed for clones 5 and 6 was investigated, assuming it to be due to apoptosis. The cause for the lower viability of the Cnx overexpressing cells was indeed attributed to the increased incidence of apoptosis noted in these cells. Western blot analysis for clone 5 cultures with NaBu treatment (Fig. 3C) revealed that cytochrome C release and PARP cleavage were less (about 1.8-fold) in Cnx repressed cells in comparison to the Cnx up-regulated cells after days 1 and 5 of media change. Day 3, however, shows some discrepancy with respect to cytochrome C release. Another form of programmed cell death, autophagy, identified as a cell death mechanism undertaken by CHO cells during stress (Hwang and Lee 2008) , was also observed by the conversion of the autophagic marker LC3-I to LC3-II. Both forms of programmed cell death, apoptosis and autophagy, were seen to be increased in the cells overexpressing Cnx suggesting that the overexpression of Cnx sensitized cells to apoptosis. The case with clone 6, the clone with a higher basal level of Cnx, was the same (Fig. 3D) . Increased PARP cleavage and cytochrome C release for the Cnx-overexpressing condition was observed (over 1.9-fold) on all days of sampling.
As changes in intracellular Ca 2+ homeostasis plays a role in modulation of apoptosis, the amount of [Ca 2+ ] c was investigated by fluorescence-imaging methods. Confocal images, shown in Fig. 4 , depict cells stained for ER, Ca 2+ , and Cnx. The right panel (pictures in the first three columns) represents cells stained for Ca 2+ (green stain) and ER (red stain), and the left panel (pictures in the last three columns) shows Cnx expression level (green stain) and ER (red stain) in the cells. Null cells with and without dox (Fig. 4A,B ) and clone 2 with and without dox (Fig. 4C,D) showed no difference with respect to Cnx expression and the Ca 2+ levels. This is as expected, as these clones are not Cnx overexpressers and hence show low, dox-non-regulated Cnx levels. The Cnx overexpression in clones 5 and 6 was confirmed even with immunostaining in the absence of dox (Fig. 4E,G) Samples from the culture were collected and analyzed using ELISA to determine the TNFR-Fc titer. The q p was affected positively by Cnx overexpression under NaBu stress. The maximum titer, however, was unaffected. a The q p was based on the data collected for 4 days of cultivation after medium exchange. b Mean±SD; standard deviation between the duplicates. was found to be higher when cells were overexpressing Cnx in the absence of dox (Fig. 4E,G) . The increased [Ca 2+ ] c levels for cells with overexpressing Cnx (− dox) actually correlates with increased PARP cleavage and cytochrome C release, indicating that apoptotic signal generation, transmission, and execution was elevated in these cells when compared to the Cnx repressed cells. This again reiterates that these cells are more sensitive to apoptosis, induced by NaBu, when overexpressing Cnx. Cnx expression was tightly regulated by dox throughout the culture period as seen in the Western blot data.
Discussion
Cnx, a glycoprotein-binding chaperone, has significant effects on intracellular Ca 2+ homeostasis, affecting the uptake and release of Ca 2+ from the ER in several ways, including direct regulation of the SERCA Ca 2+ pump (Michalak et al. 1999; Roderick et al. 2000) . These changes could either directly influence the apoptotic processes or lead to the changes in the expression of proteins involved in apoptosis (Nakamura et al. 2000; Pinton et al. 2000; Foyouzi-Youssefi et al. 2000) .
In this study, the potential role of Cnx overexpression under the stressful conditions of NaBu-induced apoptosis and effect on productivity in rCHO cells was investigated.
We subjected cells under culture to treatment with NaBu. NaBu, a sodium salt of butyric acid has been use in CHO cell cultures to enhance the productivity per cell of various target proteins. But the drawback of using NaBu is suppressed cell growth and, at a later stage, apoptosis induction (Palermo et al. 1991; Laubach et al. 1996; Chang et al. 1999; Kim and Lee 2001; Sung et al. 2004) . In this study, under NaBu treatment, the response with regard to q p was positive. The q p was enhanced by over twofold (Table 2) . It has been reported in Schizosaccharomyces pombe that protein secretion did not require the chaperoning action of Cnx (Maréchal et al. 2004) . In rCHO cells producing thrombopoietin, controlled overexpression of Cnx and Crt enhanced the q p by about 1.9-fold under normal conditions, without stress , probably because the post-translational limitation in the cells with high q p was relieved by the overexpression of these chaperones. However, there are no known reports citing the relationship between Cnx expression and q p of a protein under the stressful condition of NaBu treatment in CHO cells. In this study, without NaBu treatment, Cnx overexpression had no significant effect on the q p . However, under NaBu stress, the q p was enhanced by over twofold. It is unlikely that there is a post-translational bottleneck under normal culture conditions, without NaBu treatment, where q p is not that high. This meant that, in this study, a post-translational limitation existed for cells under NaBu treatment, which was alleviated by Cnx overexpression, as hypothesized. More enhancements were observed in cells with a low basal level of Cnx (clone 5) than with cells having a higher basal level of Cnx (clone 6). This implies that NaBu creates a post-translational limitation, which was relieved by the simultaneous overexpression of Cnx. However, beyond a certain essential level of Cnx, overexpression of Cnx does not help in improving the q p . With regard to maximum TNFR-Fc titer, in none of the clones tested, the effect of Cnx overexpression was positive, although the q p was enhanced.
One interesting finding that led us to investigate the relationship between Cnx expression and apoptosis was the poorer viability profile seen with Cnx-overexpressing cells (clones 5 and 6 in the absence of dox) under NaBu stress. A steady difference of over 25% in viability was observed between the Cnx-repressed and Cnx-induced conditions during batch cultures. Western blotting for the apoptotic markers, PARP cleavage and cytochrome C release, reveals that cells when overexpressing Cnx are more sensitive to apoptosis induced by NaBu. Autophagy, another form of programmed cell death reported in CHO cells under nutrient deprivation (Hwang and Lee 2008) , was also observed under NaBu treatment, as seen by the conversion of the autophagic marker from the LC3-I to the LC3-II form. Ca 2+ localization staining and confocal imaging demonstrate the elevated [Ca 2+ ] c level in the Cnx-overexpressed cells, justifying the elevated apoptosis. Differential expression of Cnx affects the Ca 2+ storage capacity of the ER, and most importantly, it modulates Ca 2+ release from the ER. In this study, we found that overexpression of Cnx in the Tet-Off-inducible system led to a decrease in the amount of available Ca 2+ in the ER and to an increased level of [Ca 2+ ] c in response to NaBu (Fig. 4) . The control and null cells without NaBu treatment, however, showed no difference in the cell growth, viability profile, and Ca 2+ levels between the Cnx-overexpressed condition and the Cnx-repressed condition.
Our findings suggest that changes in the expression of Cnx, via Ca 2+ homeostasis, may play an important role in the modulation of cell sensitivity to apoptosis induced by an external stimulus, such as NaBu. This is elucidated by the schematic diagram in Fig. 5 .
Contrasting reports on the effect of Cnx on apoptosis exist. Cnx-deficient cells were reported to be resistant to ER-stress induced apoptosis due to their resistance to Bap31 cleavage, but the ER to mitochondria communication was not affected as indicated by unchanged caspase-3, caspase-8, and cytochrome C release (Zuppini et al. 2002) . Nakamura et al. (2000) observed that the overexpression of Crt, an ER luminal protein, resulted in an increased sensitivity of the cells to drug-induced apoptosis accompanied by increased release of cytochrome C and caspase activity. This substantiated the ER and the mitochondrial crosstalk, probably mediated by Ca 2+ . In the present study, the ER and mitochondrial crosstalk was affected by the differential expression of Cnx, as seen by the altered expression levels of PARP cleavage and cytochrome C release, a process probably mediated by Ca 2+ . On the other hand, overexpression of Cnx had no effect on drug-induced apoptosis (Nakamura et al. 2000) . With a human breast cancer cell line, MCF-7, Cnx was found to protect the cells from tunicamycin-induced apoptosis by sequestration of Bap31. MCF-7 resistance to apoptosis was partially reverted by reducing Cnx expression levels (Delom et al. 2007 ). In addition, attenuation of Cnx expression significantly increased cell sensitivity to tunicamycin (Delom et al. 2006) . The response of Cnx to apoptosis induced by various factors also varied. GD3 synthase-induced apoptosis was suppressed by Cnx where Bax-induced apoptosis was not (Tomassini et al. 2004 ). Serum deprivation is known to induce apoptosis in cells, and in this study, we also subjected Tet-TNF-Cnx cells to growth under serum Cnx expression is found to be less in null and clone 2, whereas clones 5 and 6 showed an increased level of Cnx. Ca 2+ levels were unchanged for null and clone 2 but were higher for clones 5 and 6 when cells were overexpressing Cnx (− dox). Scale bar=50 µm deprivation. The effect of Cnx expression on apoptosis induced by serum deprivation was the same as that for NaBu treatment. Cnx-overexpressing cells were more sensitive to apoptosis whereas cells were resistant to apoptosis when Cnx was repressed (data not shown). The overexpression of Crt, a luminal counterpart of Cnx, which shares structural and functional similarities with it, in HEK cell line resulted in increased susceptibility of the cells to apoptotic stimuli (Arnaudeau et al. 2002) . Hence, it can be generalized that the way Cnx responds to stressful conditions and apoptosis is varied depending on the cell type and the apoptosis inducer.
Not completely eliminating the contribution of the unfolded protein response (UPR) in our observed results, we speculate that because these cells are a stable cell line adapted to secrete high amounts of protein and because the molecular chaperone Cnx is being overexpressed (a regular response to the activation of UPR of cells under stress), the possibility of the activation of UPR giving rise to the results observed by us is less convincing.
In conclusion, in this study, the effect of Cnx expression under NaBu stress was evaluated on two aspects of CHO cell culture-the q p and apoptosis. It can be said that Cnx overexpression not only had a positive effect on the q p , but it also sensitized cells to apoptosis induced by NaBu. Hence, when chaperone engineering for the enhancement of recombinant protein production is considered, the variable response of a chaperone has to be taken into account, and a balance has to be struck between the positive effect and the negative effect of the chaperone on the cell line.
